1. Introduction {#sec1}
===============

Shape-controlled noble metal nanocrystals (NCs), such as nanoflowers (NFs) and nanowires, have various significant applications and have been extensively investigated because of their unique catalytic properties.^[@ref1]−[@ref6]^ In general, spherical nanoparticles (NPs) consist of a large number of (111) facets, and metal atoms at the edge and corner exhibit high catalytic activity.^[@ref7]−[@ref11]^ The crystal structure of shape-controlled NCs is very different from that of spherical NPs, for example, noble metal nanocubes and nanobars consist of the (100) facet.^[@ref7]−[@ref9],[@ref12]^ Therefore, shape-controlled NCs often show high catalytic activity compared with spherical NPs.^[@ref2],[@ref3],[@ref13]^ The shape-controlled NCs are prepared by reducing the metal ions in a solution that contains a capping agent.^[@ref7],[@ref14]−[@ref17]^ The capping agent exhibits selective adsorption properties on the noble metal surface and is necessary to control the shape of the NCs as well as to inhibit aggregation.^[@ref7],[@ref14]−[@ref17]^ When NCs are applied to a catalyst, the catalytic activity is depressed because of the adsorption of the capping agent onto the noble metal surface.^[@ref18]−[@ref20]^ The aforementioned phenomenon occurs because the capping agent functions as a physical barrier, thereby restricting the reactant from accessing freely.^[@ref19]−[@ref21]^ Thus, in order to utilize NCs as catalysts, shape-controlled NCs must be prepared via a surfactant-free method, which involves using a capping agent that is weakly adsorbed onto a metal surface.^[@ref18]−[@ref23]^ Alternatively, the capping agent must be removed from the surface after preparation.^[@ref18],[@ref19],[@ref24],[@ref25]^

Recently, there have been numerous reports on the preparation of shape-controlled noble metal NCs under surfactant-free conditions.^[@ref21],[@ref26],[@ref27]^ Feng et al. reported that Au nanoflowers (AuNFs) were prepared by using melamine as the capping agent under surfactant-free conditions.^[@ref26]^ These AuNFs exhibit high catalytic activity during the hydrogenation of *p*-nitrophenol.^[@ref26]^ In addition, there are several reports on the removal of capping agents from the shape-controlled NCs prepared under surfactant-free conditions. Capping agents with weak adsorption properties are easily removed from the NCs by supporting and washing processes.^[@ref19],[@ref21],[@ref27]^ Herein, the support is necessary to inhibit the aggregation of shape-controlled NCs after the removal of the capping agent.^[@ref28],[@ref29]^

The liquid-phase oxidation of alcohol is an effective method for synthesizing fine chemicals and intermediates.^[@ref30]−[@ref34]^ Oxidation reactions using Au are of relevant interest as oxygen becomes chemically adsorbed onto Au via a green process that is based on the use of stable and nontoxic heterogeneous catalysts with air or pure O~2~ as the eco-friendly oxidant.^[@ref35]^ The utility of air at atmospheric pressure is limited because the majority of the system requires pure oxygen or air at a high pressure.^[@ref36]^ Therefore, it is essential to develop an efficient green oxidation process using air (1 atm) as the oxidant.

Recently, an additional advantage of the ability to efficiently recover the nanocatalysts from the reaction solution, facilitating their repetitive use, was reported.^[@ref37]−[@ref50]^ This recovery of nanocatalysts was successfully accomplished by compounding the magnetic Fe~3~O~4~ and spherical noble metal NPs.^[@ref37]−[@ref50]^ There are limited reports on the preparation of shape-controlled NCs with a magnetic response and clean surfaces, as well as on the application of those NCs as nanocatalysts. Previously, we prepared AuNFs supported on γ-Al~2~O~3~ with a clean surface under surfactant-free conditions using melamine as the capping agent.^[@ref51]−[@ref53]^ In this paper, we synthesized magnetic Fe~3~O~4~-supported AuNFs and applied them as catalysts for the oxidation reaction of 1-phenylethyl alcohol (1-PA) using air (1 atm) as the oxidant ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![(a) Preparation and (b) recovery of magnetic AuNFs/Fe~3~O~4~.](ao0c02340_0001){#fig1}

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Hydrogen tetrachloroaurate tetrahydrate (HAuCl~4~·4H~2~O) was obtained from Nacalai Tesque, Inc. (Japan). Ascorbic acid, melamine, iron(II)chloride tetrahydrate (FeCl~2~·4H~2~O), iron(III)chloride hexahydrate (FeCl~3~·6H~2~O), 1 M hydrochloric acid (HCl), and 5 M sodium hydroxide solution (NaOH) were obtained from Kanto Chemical Co., Inc. (Japan).

2.2. Preparation of AuNFs {#sec2.2}
-------------------------

AuNFs were prepared based on a method from previous papers.^[@ref26],[@ref51]−[@ref53]^ An aqueous solution of HAuCl~4~·4H~2~O (10 mM, 5.0 mL) was added to aqueous melamine (10 mM, 175 mL). Then, aqueous ascorbic acid (10 mM, 20 mL) was slowly injected into the solution, which prompted a rapid color change to blue.

2.3. Preparation of Fe~3~O~4~ {#sec2.3}
-----------------------------

Fe~3~O~4~ was prepared using the method reported in a previous study.^[@ref54]^ FeCl~3~·6H~2~O (1.04 g) and FeCl~2~·4H~2~O (0.4 g) were added to an aqueous solution of HCl (0.4 M, 5 mL). The mixture was added to an aqueous solution of NaOH (1.5 M, 50 mL) and stirred for 10 min, after which the color of the solution became black. Fe~3~O~4~ exhibiting paramagnetism was precipitated by placing a magnet near the black solution. The black precipitate was recovered and dispersed in water. The recovery and dispersion methods were repeated five times.

2.4. Preparation of Supported AuNFs with a Clean Surface {#sec2.4}
--------------------------------------------------------

The supported AuNFs were prepared by adding black Fe~3~O~4~ (1.0 g) or white γ-Al~2~O~3~ (1.0 g) to the AuNF dispersion (200 mL) followed by stirring for 24 h. After standing for 24 h, the solution became transparent due to the absence of AuNFs. However, colored precipitates of Fe~3~O~4~-supported AuNFs (black) and Al~2~O~3~-supported AuNFs (blue-purple) were obtained. These precipitates were collected by centrifugation (15,000 rpm, 10 min). Melamine, the capping agent in the collected precipitates, was removed by extraction with water, which involved adding water to the supported AuNFs and stirring for 10 min. The supported AuNFs were subsequently recovered from the suspension by centrifugation (15,000 rpm, 10 min), and the treatment was repeated five times.

2.5. Preparation of Supported Spherical AuNPs with Clean Surfaces {#sec2.5}
-----------------------------------------------------------------

AuNFs with clean surfaces were achieved after removing the melamine by washing. The supported spherical AuNPs with clean surfaces were prepared by heating the aforementioned AuNFs at 200 °C in Ar.

2.6. Catalytic Reaction {#sec2.6}
-----------------------

The aerobic oxidation of 1-PA was conducted in a batch reactor at 60 °C under an air atmosphere. After the addition of K~2~CO~3~ (0.1 g, 0.72 mmol) to 3.0 mM 1-PA aqueous solution (30 μmol, 10 mL), the mixture was stirred at 60 °C. The supported AuNFs and AuNPs using γ-Al~2~O~3~ or Fe~3~O~4~ (50 mg) were then added, and the mixture was stirred at 60 °C in air (1 atm). The reaction was then quenched with 1 M HCl, and the products were extracted with toluene. The product yield was determined by gas chromatography using the method of internal standards.

2.7. Characterization {#sec2.7}
---------------------

Transmission electron microscopy (TEM) was conducted using a JEOL JEM-1011 instrument operating at 100 kV. High-resolution TEM (HR-TEM) was performed using a JEOL 2100 instrument. Scanning electron microscopy (SEM) images were acquired on a Hitachi S4800 microscope operating at 20 kV. UV--vis spectroscopy was conducted using a JASCO V-570 spectrometer. Fourier transform infrared (FT-IR) spectroscopy measurements were conducted using a Nicolet 6700 FT-IR spectrometer equipped with an MCT detector with a resolution of 4 cm^--1^. The magnetic performance of the samples was tested with an MPMS-XL SQUID at 300 K. X-ray diffraction (XRD) patterns were recorded on a Rigaku Ultima IV diffractometer.

3. Results and Discussion {#sec3}
=========================

[Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02340/suppl_file/ao0c02340_si_001.pdf) show the TEM and SEM images of AuNFs synthesized from HAuCl~4~ in an aqueous solution containing melamine and ascorbic acid, respectively. The images revealed AuNFs with an average diameter of 75 nm. UV--vis spectroscopy is an extremely useful tool for examining the shape of AuNCs because the surface plasmon (SP) band of AuNCs is strongly dependent on their shape.^[@ref7],[@ref55],[@ref56]^ The UV--vis spectrum revealed an SP band at 600 nm, which confirmed the formation of AuNFs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c).^[@ref26],[@ref51]−[@ref53],[@ref57]^ The HR-TEM image of an AuNF shows fringes with a periodicity of 0.235 nm, which corresponds to the (111) lattice spacing of metallic Au ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).^[@ref17],[@ref26],[@ref51]−[@ref53],[@ref58]^ This NF grew along the \[111\] direction due to the weak adsorption of melamine onto the Au(111) crystal facet ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).^[@ref26],[@ref51]−[@ref53]^

![(a) TEM and (b) HR-TEM images of AuNFs. (c) UV--vis spectra and a photographic image of AuNF dispersion.](ao0c02340_0002){#fig2}

Magnetic Fe~3~O~4~ was prepared by adding an aqueous solution of HCl containing FeCl~3~·6H~2~O and FeCl~2~·4H~2~O to an aqueous solution of NaOH ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02340/suppl_file/ao0c02340_si_001.pdf)). The color of the resultant solution was black ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The photograph in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a demonstrates that Fe~3~O~4~ exhibits a magnetic response because it was precipitated by placing a magnet near the black solution. The magnetic performance was investigated using a superconducting quantum interference device (SQUID) at 300 K ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The magnetic saturation of Fe~3~O~4~ was ∼56 emu·g^--1^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). In addition, the XRD pattern of Fe~3~O~4~ was in good agreement with the reference data ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02340/suppl_file/ao0c02340_si_001.pdf)).^[@ref38],[@ref50],[@ref59]^

![(a) Photographic images of (a) Fe~3~O~4~, (b) AuNFs/Fe~3~O~4~, (c) AuNPs/Fe~3~O~4~, and (d) AuNFs/γ-Al~2~O~3~ dispersions.](ao0c02340_0003){#fig3}

![Magnetization curves of Fe~3~O~4~, AuNFs/Fe~3~O~4~, and AuNPs/Fe~3~O~4~ at 300 K.](ao0c02340_0004){#fig4}

We prepared Al~2~O~3~-supported AuNFs (AuNFs/γ-Al~2~O~3~) and Fe~3~O~4~-supported AuNFs (AuNFs/Fe~3~O~4~) by adding γ-Al~2~O~3~ and Fe~3~O~4~ to the AuNF dispersion, respectively. The TEM images show the supported AuNFs obtained by this method ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). The color of AuNFs/γ-Al~2~O~3~ and AuNFs/Fe~3~O~4~ was blue-purple and black, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). Their catalytic activity was depressed due to the adsorption of the capping agent, so we removed the capping agent by a water extraction procedure. The AuNFs/γ-Al~2~O~3~ and AuNFs/Fe~3~O~4~ were washed with water five times to remove the melamine. The NF structure and color remained unchanged after the extraction procedure ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d, [S4, and S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02340/suppl_file/ao0c02340_si_001.pdf)). The magnetic saturation of AuNFs/Fe~3~O~4~ was decreased to ∼33 emu·g^--1^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), which enabled instantaneous magnetic separation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).^[@ref48],[@ref60]^ On the other hand, AuNFs/γ-Al~2~O~3~ did not exhibit a magnetic response ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). The AuNFs/Fe~3~O~4~ and AuNFs/γ-Al~2~O~3~ catalysts before extraction revealed bands corresponding to melamine in the FT-IR spectra; however, the bands in the spectra of the washed catalysts did not confirm the existence of melamine ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02340/suppl_file/ao0c02340_si_001.pdf)). These results indicate that almost all melamine ligands were removed from the supported AuNFs.

![TEM and photographic images of supported AuNCs. (a) AuNFs/γ-Al~2~O~3~ and (b) AuNFs/Fe~3~O~4~ before water extraction. (c) AuNFs/γ-Al~2~O~3~ and (d) AuNFs/Fe~3~O~4~ after water extraction. (e) AuNPs/γ-Al~2~O~3~ and (f) AuNPs/Fe~3~O~4~ obtained by the calcination of supported AuNFs in Ar.](ao0c02340_0005){#fig5}

In general, the shape-controlled NCs readily adopt spherical morphology upon heating as spherical NPs have the smallest surface area per volume.^[@ref7],[@ref35],[@ref51]−[@ref53]^ We synthesized the supported spherical AuNPs to compare the catalytic activity by heating the supported AuNFs in Ar at 200 °C for 30 min. The TEM images revealed that the NF structures were transformed into spherical NP structures, and the average size of these NPs was ∼70 nm ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f). The color of the AuNPs/γ-Al~2~O~3~ powder and AuNPs/Fe~3~O~4~ powder was red and black, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f). The magnetic saturation value of AuNPs/Fe~3~O~4~ was ∼38 emu·g^--1^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) and AuNPs/Fe~3~O~4~ were easily recovered by placing a magnet near the dispersion ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c).

We examined the catalytic performance of the catalysts obtained by the oxidation of 1-PA to acetophenone using air (1 atm) as the oxidant ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b). The yield of acetophenone is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d. When γ-Al~2~O~3~ and Fe~3~O~4~ were used without Au NCs, acetophenone was not produced ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d). On the other hand, the yield of acetophenone for the supported AuNFs was higher than that for the supported AuNPs ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d). We calculated the rate of formation of acetophenone from the yield of acetophenone after 2 h ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d). The rates of formation of AuNFs/Fe~3~O~4~ and AuNPs/Fe~3~O~4~ were 3.8 and 0.44 μmol/h, respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). In addition, the rates of formation of AuNFs/γ-Al~2~O~3~ and AuNPs/γ-Al~2~O~3~ were 1.8 and 0.21 μmol/h, respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). These results indicate that the rate of formation of the supported AuNFs was 8-fold higher than that of the supported AuNPs. This higher rate of formation of supported AuNFs than that of supported AuNPs of comparable size is attributed to the geometrical effect which, in turn, is due to their surface area and coordination number. The surface area of an NF is larger than that of a spherical NP with similar particle size. In addition, the HR-TEM images revealed a high concentration of low coordination number atoms on the Au metal surface, which indicated that the NF structures consist of high-index facets ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The Au atoms with low coordination numbers exhibited a high catalytic activity for alcohol oxidation because they actively adsorb oxygen.^[@ref35]^ The spherical AuNPs consisted of low-index facets, such as (111) and (100).^[@ref7],[@ref8]^ Therefore, the NF structures had an increased number and fraction of active sites. Hence, these NF structures consisting of high-index facets possessed more active catalysts than the spherical NP catalysts for alcohol oxidation. In addition, Kokate et al. reported that the Fe~3~O~4~-based support increased the catalytic activity of the Au NCs for alcohol oxidation.^[@ref44]^[Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d and [7](#fig7){ref-type="fig"} demonstrate that the synthesized AuNFs and AuNPs supported on Fe~3~O~4~ had a higher rate of formation of acetophenone than the corresponding structure supported on γ-Al~2~O~3~. Finally, in order to investigate the reusability, the AuNFs/Fe~3~O~4~ were separated using a magnet from the catalytic reaction solution ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). After extracting the AuNFs/Fe~3~O~4~ with water, the recovered catalyst was reused under identical catalytic reaction conditions. The TEM images indicate that the washed AuNFs/Fe~3~O~4~ retained their NF structure ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02340/suppl_file/ao0c02340_si_001.pdf)). The rate of formation of acetophenone for the AuNFs/Fe~3~O~4~ during two cycles was 3.7 μmol/h, with no significant loss of activity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![(a) Catalytic oxidation of 1-PA. (b) Photographic images of a catalytic reaction solution and separation using a magnet. (c) Acetophenone yield using AuNFs/Fe~3~O~4~, AuNPs/Fe~3~O~4~, and Fe~3~O~4~ at one cycle, and AuNFs/Fe~3~O~4~ at two cycles. (d) Acetophenone yield of AuNFs/γ-Al~2~O~3~, AuNPs/γ-Al~2~O~3~, and γ-Al~2~O~3~ at one cycle. Reaction conditions: 1-PA (30 μmol), catalysts (50 mg), K~2~CO~3~ (0.1 g), air (1 atm), 60 °C.](ao0c02340_0006){#fig6}

![Formation rate of acetophenone after 2 h via the oxidation of 1-PA. Reaction conditions: 1-PA (30 μmol), catalysts (50 mg), K~2~CO~3~ (0.1 g), air (1 atm), 60 °C, 2 h.](ao0c02340_0007){#fig7}

4. Conclusions {#sec4}
==============

In this paper, we prepared magnetic Fe~3~O~4~-supported AuNFs with clean surfaces and applied them as alcohol oxidation catalysts in the oxidation of 1-PA to acetophenone. The rate of formation of acetophenone using Fe~3~O~4~-supported AuNFs was higher than that of acetophenone using Fe~3~O~4~-supported spherical Au NPs of comparable size, which indicates that NF structures are effective as alcohol oxidation catalysts. The Fe~3~O~4~-supported AuNFs exhibited higher catalytic activity than the Al~2~O~3~-supported AuNFs. In addition, the recovered Fe~3~O~4~-supported AuNFs retained their morphology and catalytic activity.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02340](https://pubs.acs.org/doi/10.1021/acsomega.0c02340?goto=supporting-info).SEM image of AuNFs; TEM image and XRD pattern of Fe~3~O~4~; low-magnification TEM images of AuNFs/γ-Al~2~O~3~ and AuNFs/Fe~3~O~4~; FT-IR spectra of AuNFs/γ-Al~2~O~3~ and AuNFs/Fe~3~O~4~ before and after extraction along with those of supports and melamine; and TEM image of the recovered AuNFs/Fe~3~O~4~ catalyst ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02340/suppl_file/ao0c02340_si_001.pdf))
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